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Landau-Lifshitz-Bloch-Slonczewski simulations of the spin-transfer-torque driven magnetization switching assisted by Joule heating In this paper, we show that Landau-Lifshitz-Bloch-Slonczewski equation can be envisaged as one of the best options for the modeling of heat assisted spin transfer torque writing. The model is tested on a Joule assisted switching problem for a macrospin under a polarized current, with all the values for the parameters in the typical range used technologically. The switching diagram in the presence of the current is presented, explained, and the agreement with published experimental data is discussed. Studies in the area of the new generation of nonvolatile random access memory, controlled by spin-transfer, socalled spin-transfer-torque magnetic-random-access-memory (STTMRAM), that benefit from the direct writing of information by polarized currents, lead to much improved scalability, in detriment of traditional indirect writing, through the magnetic field.
The thermal stability factor, D ¼ KV=k B T (K-anisotropy constant, V-volume, k B -Boltzmann constant, T-temperature), should be maintained at an acceptable level (usually over 40) to avoid the superparamagnetic effect. The need of materials with high stability data retention when the volume of each bit is decreasing leads theoretically to the use of high coercivity materials but this technical solution implies higher writing fields. A viable solution to avoid this problem could be heat/energy assisted writing in various forms. For the short duration of the writing process, the temperature is increased and, as a consequence, K and D are decreasing. This allows a writing process at a lower field/current. As the material is cooling after the writing was performed, the stability of the recorded bit is within the required technological limits.
While in recordings on hard drives, local heating can be achieved by a laser beam, in STTMRAM cells, one exciting possibility would be the use of Joule heating. Important results were recently obtained in switching assisted by thermally induced anisotropy reorientation (TIAR), where Joule dissipation around the tunnel barrier in magnetic tunnel junctions (MTJs) is due to the same current pulse which generates the spin transfer torque (STT).
1 Also, the effect of thermal fluctuations on STT switchings has been revealed for a wide range of current pulse lengths. 2, 3 The results are generally compared with existing macrospin-type theoretical models based on stochastic forms of Landau-Lifshitz-Gilbert (LLG) equation. 4, 5 We are showing in this paper that a dynamic study which combines precessional switching with thermal activation can provide good consistency with experiments when described by a model that allows longitudinal relaxation of the macrospin magnetic moment. Direct influence of the longitudinal relaxation on the anisotropy as well as the thermal behavior of both longitudinal and transverse relaxation can provide complementary features of existing models. The Joule effect due to the polarized current has been modeled in a phenomenological manner.
We consider a free layer of a spin valve commonly used in spin electronics and recent experiments. [6] [7] [8] We consider that the dimensions of the free layer meet the criterion for uniform micromagnetization. 9 In addition, we consider that the free layer behaves as a Stoner-Wohlfarth (SW) particle, in which the magnetic moments execute a macrospin-like dynamics according to coherent rotation model. [10] [11] [12] The model that can include these fundamental elements is a version of the LLG equation in the modified Bloch form that accounts for the thermal effects [13] [14] [15] [16] with a Slonczewski term for the polarized current. 17 We referred to this form as to a Landau-Lifshitz-Bloch-Slonczewski (LLBS) equation [18] [19] [20] 
where a a LLG is the Gilbert damping parameter used in LLG equation. The zero Fourier component of the exchange interaction, J 0 , is expressed in the MFA using the experimentally measured Curie temperature. 14 In the transverse relaxation term of Landau-Lifshitz type, and also in the longitudinal relaxation term, additional terms occur, due to polarized current, through parameters b k ¼ bðm ÁpÞ2k B T=J 0 and b ? ¼ bðm ÁpÞð1 À k B T=J 0 Þ proportional to the applied polarized current density, wherep indicates the orientation of the fixed layer magnetization andm is the unit vector giving the orientation of the free layer magnetization. We mention that the temperature dependence of terms proportional to beta is considered as in Ref. 18 . We express bðm ÁpÞ as bðm ÁpÞ ¼ gðm ÁpÞj e =j p , where j e represents the applied current density and j p is a parameter with current density dimension, À2 for usual currents densities, j e , used in experiments, being the same order of magnitude with Gilbert damping parameter, a LLG . We consider the applied current density, j e , as positive when the electrons flow from fixed towards the free layer. The spin transfer efficiency, g, is a function of the dot productm Áp that is 17 gðm ÁpÞ ¼ ½f ðPÞð3 þm ÁpÞ À 4
À1
with f ðPÞ ¼ ð1 þ P 3 Þ=ð4P 3=2 Þ, where P represents the degree of polarization of the electrons coming from the reference layer, taken in our model as 50%.
As we proved to be essential in the switching behavior, 21 we have taken two terms in the series expansion of the anisotropy free energy density
where h is the angle between the magnetization and the direction of easy axis, K 1 and K 2 are the first and second order uniaxial anisotropy constants, respectively, that can include crystalline, shape, and interface effects as well. We considered a variation with temperature for K 1 proportional to m 3 ðTÞ and a negligible dependence on temperature for K 2 .
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Numerical simulations were focused on three parameters: polarized current density, the current pulse duration, and temperature evolution due to Joule effect. The results are presented as critical curves separating the switching and non-switching regions (see Fig. 1 ).
Polarized current pulse shape is realistically designed considering the effect of non-zero inductance of any circuit that prevents sharp changes in the current intensity (see Fig.  2 ). To define the pulse duration, we have used the full width at half maximum (FWHM), denoted by w. In our simulations, the current do not exceed the polarized current used in recent experiments with spin valves. 6, 7 As the mechanism of energy dissipation can be rather complicated, even depending on the direction in which electric current flows in the MTJ case, 23 to keep the model as general but also as simple as possible, we have considered a linear increase in temperature over time for a given value of current density. We also considered that, once the current pulse ended, free layer thermal behavior is governed by the Newtonian law of cooling, dT=dt $ ðT À T r Þ, where T is the sample temperature, T r is the room temperature, and t is time. The proportionality constant was chosen so that the cooling takes place in a time interval of the same order of magnitude as the pulse duration (Fig. 2) .
Using the dynamic model based on numerical integration of LLBS equation, we have built the phase diagram by scanning the ðj=a; wÞ plane at constant current densities and increasing length pulses. The aim was to find the minimum pulse width for which the switching of the free layer's magnetic moment occurs. We note that at "room temperature 
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Oniciuc, Stoleriu, and Stancu Appl. Phys. Lett. 102, 022405 (2013) (RT)," the switching characteristic is asymptotic against the pulse length (symbols in Figure 1 ). At k 2 ¼ 0, the horizontal asymptote is at j=a ¼ 1 and at k 2 ¼ 0:1, this asymptote moves to j=a ¼ 1:128. This means that, in this range of parameters, there is a threshold value of polarized current density which, if it is not reached, switching cannot occur regardless the current pulse length and the fact that is rather counterintuitive. In the RT simulations, no changes of sample temperature were allowed during the pulse. In "heat assisted" cases, the Joule dissipation was taken into account in the model (continuous lines in Figure 1 ). One observes an expansion of the area in which switchings can occur due to Joule heat assist. Moreover, the area extends to fast switchings and/or lower switching currents which are relevant technologically. With AB/AB 0 , we denote in Fig. 1 specific decreasing of the switching current pulse width/height due to the Joule heating.
Specific dynamic modifications which correspond to AB-type changes in the design of pulse in Joule heat assisted switchings are shown in Figs. 2(a) and 2(b). The temporal evolutions of the free layer's magnetic moment projections in a Cartesian coordinate system are presented. Ox is the easy axis of the free layer. Fixed layer magnetic moment is oriented towards the positive sense of the Ox axis, and the initial orientation of the magnetic moment of the free layer is in the negative sense of the Ox axis.
Pulses in Figures 2(a) (dashed line and lighter hatch) and 2(d) have the same width. One observes a decreasing of the switching pulse width (a) and (b), respectively, the decreasing of the switching pulse height (a) and (d) due to Joule heating. We have set a ¼ 0:01.
In Fig. 2(a) , the dynamic behavior at RT is shown. It can be seen that precessional switching may occur (dotted line and light hatch), but at a pulse length over 80 ns and a current of j=a ¼ 1:01 (corresponding to A). In Fig. 2(b) , the real dynamic (Joule heat assisted) situation is shown. This time it is noted that at the same value of current density as in Fig.  2(a) , Joule heat assisted switching is obtained for a much smaller pulse length. For comparison, is shown also in Fig.  2(a) , with continuous line and dark hatch, the case in which the pulse that caused thermal assisted switching is too short to achieve precessional switching at RT (M x =M 0 s is stopped from its upward trend).
Figure 2(d) shows the dynamics for the state B 0 on Fig.  1 . In this case, as shown in Fig. 2(c) , at RT, switching cannot occur regardless the current pulse length. Stable precession can be obtained for very long pulses. In Fig. 2(d) , we can see that the same pulse, when the Joule heating is considered, may cause the switching. At the same time, by comparing Fig. 2(a) (dotted line and light hatch) with Fig. 2(d) , we see that the pulse B 0 has the same length as the pulse A but the switching occurs at a lower current density (j=a ffi 0:95) due to Joule effect.
It is interesting to note that the quartic crystalline anisotropy should be considered in simulations related to the polarized currents influence on the magnetic state of a multilayer structure. As an example, considering a second order anisotropy constant as 10% of K 0 1 is equivalent to an increase of more than 12% of the switching current or an increase of more than 60 ns of the switching pulse length.
This property proves to be useful when switchings are not the main goal but rather an accidental noise and should be avoided, as in giant magnetoresistance/tunnel magnetoresistance (GMR/TMR) read heads. Consequently, materials with large K 2 appear to be less noisy from this regard, property useful in explaining recent experimental results. 7, 21 The reverse may also happen. When the useful signal is polarized, it may be difficult for the current to avoid the influence of all the magnetic fields of neighboring magnetic substrates on the free layer. As the Joule heating is intrinsically related to the flowing of the electric current, we have now three factors to consider in LLBS simulations which in fact are hard to be separated. Furthermore, as recently multilayer structures are becoming increasingly sophisticated, the field angle becomes an essential degree of freedom. A global picture can be provided by the switching critical curves that characterize the information layer in the easy axis (EA) versus hard axis (HA) plane of the applied field. The critical curves main purpose is to show the separation between stable and metastable states of the macrospin.
In our LLBS simulations, we differentiate between quasistatic (slow) and adiabatic (fast) regime of the field rise. First, we analyze both the temperature and the polarized current effects on the critical curves in quasi-static regime (Figs. 3(a)  and 3(b) ). The best fit with experimental data published in Ref. 7 was obtained for k 2 ¼ 0:25 and a fixed temperature of T=T C ¼ 0:6. 24 In adiabatic regime, the switching field can fall below the SW limit if the Gilbert damping is very small. 25 The effect is more pronounced closer to HA (Fig. 3(c) ).
In Fig. 4 , one presents a more relevant situation, in the adiabatic regime of the field rise. As the Joule effect is intrinsically connected with the flowing of the current pulses, we simulate the thermal evolution during the pulse application. Two pulses with different lengths are represented. One observed a strong influence of the current pulse length on the switching critical curve along the easy axis. We see how the switching can be controlled using the two mentioned parameters (j and w -see figure) in both directions, depending on the fact that the STT is the useful signal, or a noise. Taking into account all these results, we formulate several conclusions: (i) We have implemented a LLBS based model for a macrospin dynamics under field and/or polarized current that can simulate the complex behavior of the macrospin in a wide range of temperatures. This was tested using Henry's analytical parametric expressions for the critical curves 7 extended by us for materials with high k 2 (Ref. 21) and also for isothermal processes at different temperatures 24 with remarkable good agreement. (ii) This model was used to simulate the switching of the macrospin in a realistic case, when the Joule heating is taken into account as the source of temperature change during the passing of a polarized current. The results are in qualitative agreement with many published experimental studies and are important for a category of switching which is intensely studied in recent years-the heat/energy assisted switching. These results recommend LLBS as the simulation tool of choice for the studies of heat assisted switching due to the proved robustness, numerical efficiency, and capacity to include the essential physical elements influencing the result in a rather simple form. FIG. 4 . The Joule effect signature, intrinsically connected with the flowing of the polarized current at different lengths of the pulses. The fields are applied almost instantaneous. The Gilbert damping was set to 0.1. In the inset, the distortions for two height of the pulses and the same length are shown. We referred to "extended" SW when k 2 was taken into account in the computation.
